In this study, female goats were orally exposed to PCB126 or PCB153, at 49 ng/kg body weight per day and 98 mg/kg body weight per day respectively, from gestational day 60 until delivery at approximately day 150. Exposure of the offspring continued via lactation until postnatal day 40. Reproductive toxicity in the male offspring was studied by the evaluation of conventional reproductive endpoints as well as flow cytometric analyses of spermatogenesis and sperm chromatin structure. PCB153-treated animals showed a significant smaller testis diameter in comparison to the control group. Neither of the treated groups showed differences for plasma FSH in comparison to controls. PCB153-treated animals differed significantly from the control group with respect to plasma LH and testosterone levels, whereas PCB126-treated animals only differed from the controls in plasma testosterone concentrations. Neither the PCB126 nor the PCB153 group differed from the controls with respect to the conventional sperm parameters or testis histology. A significant lower ratio of interstitium area to seminiferous tubules area and proportion of diploid testis cells were observed for the PCB153 group. Sperm from PCB153-treated animals showed a significantly higher percentage of sperm with damaged DNA. From the results of the present study it was concluded that PCB153 was able to induce alterations in reproductive endpoints related to the hypothalamic-pituitary-axis as well as to the testis. The effects observed in male kids after a long-term maternal exposure to PCB153 support the concept that exposure to endocrine-disrupting compounds during foetal development may lead to adverse reproductive effects in adult life. Reproduction (2005) 130 731-742 q 2005 Society for Reproduction and Fertility
Introduction
Polychlorinated biphenyls (PCBs) are a group of commercially produced organic chlorines that have been identified as highly lipophilic, persistent environmental pollutants in a variety of biota across the world. Although restrictions were imposed with regard to their production, destruction and storage more than three decades ago, PCBs remain in the environment and until now only a small number of temporal trend studies have been able to show declining concentrations in a few food chains (Muir et al. 1999) . A variety of wildlife and human health concerns are related to PCB-mediated adverse effects and particularly effects associated with their actions as endocrine-disrupting compounds (EDCs) are considered to be potentially hazardous for the reproductive health of both animals and humans (Vos et al. 2000 , Damstra et al. 2004 , Sharpe & Irvine 2004 .
There are a number of field studies indicating possible adverse reproductive effects from exposure to organic chlorines, particularly PCBs. In a study of the river otter (Lutra canadensis) on the Columbia River in the northwest USA, reduced baculum length and weight, as well as the absence of spermatogenesis, is reported in 8-10 monthold individuals (Henny et al. 1996) . In the male population of Florida panthers (Felix concolor coryi) sperm abnormalities, including low ejaculate volume and sperm concentration, poor sperm motility and a high proportion of abnormal sperm, as well as an increase in cryptorchidism, have been reported (Facemire et al. 1995) . A decrease in plasma testosterone levels has been reported for juvenile alligators (Alligator mississipienisis) in Lake Apopka, Florida, as well as in polar bears (Ursus maritimus) from the Svalbard area in the Norwegian Arctic , Oskam et al. 2003 . It is not easy to compare and integrate results from wildlife studies since data that report possible relationships between PCB exposure and adverse reproductive effects are often based upon a diversity of species, different exposure conditions, and differences in exposure levels and timing and duration of the exposure.
Experimental animal studies are conducted under more controlled conditions, but are often characterized by their use of relatively high exposures for relatively short observation periods. A large number of in vivo studies in rodents reported perturbed reproductive function in male offspring following PCB exposure during the gestational and lactational periods (Hany et al. 1999 , Kim et al. 2001 , Fielden et al. 2002 . In rodents this period usually lasts for not more than 30 days and a number of the reproductive endpoints used in rodent models have therefore appeared to be of doubtful relevance to humans.
In humans, concerns about perturbed reproductive function related to organic chlorines, including PCBs, are mainly based on apparent increases in a number of disorders observed in the male reproductive system. These include abnormalities in the developing reproductive tract, testicular cancer and reduced plasma testosterone levels, as well as a general reduction in sperm count and quality (Carlsen et al. 1993 , Toppari et al. 1996 , Sharpe & Skakkebaek 2003 , Toppari 2003 . The only supportive evidence relating disturbed reproductive function in humans exposed to PCBs is provided by studies of accidental high exposure levels of PCBs (Guo et al. 2000) . There are limited human data associating possible cause-and-effect relationships between chronic low exposure levels of PCBs and adverse reproductive effects, but this is of great concern, since it involves the reproductive health of the population at large. A lack of data concerning PCB exposure during critical stages of development may be of even more concern since reported increases of certain reproductive disorders in adult life are probably the results of in utero exposure during specific life stages (Brouwer et al. 1995 , Meerts et al. 2002 . In order to detect and interpret possible PCB-associated adverse reproductive effects in men, appropriate experimental animal models are needed and exposure during critical stages of foetal development must be addressed.
In the present study, two single congeners, PCB126 (3,3 0 ,4,4 0 ,5-pentachlorobiphenyl) and PCB153 (2,2 0 ,4,4 0 ,5,5 0hexachlorobiphenyl), were studied, each representing the main classes of non-ortho-substituted coplanar and di-orthosubstituted groups of PCBs, respectively (Battershill 1994 , Safe 1994 ). PCB126 is one of the most toxic PCB congeners but is present at fairly low concentrations in the environment of wildlife and humans, which is in sharp contrast to the high concentrations of PCB153 (Bernhoft et al. 1997 , van den Berg et al. 1998 , Skaare 2001 , Fangstrom et al. 2002 , Gladen et al. 2003a , Kunisue et al. 2004 ). Similar to 2,3,7,8tetrachloridibenzo-p-dioxin (TCDD), the toxicity of PCB126 is mediated through binding to the cytosolic aryl hydrocarbon (Ah) receptor. Although it has been recognized that the toxicity exerted by PCB153 is not related to the Ah receptor, information with regard to other possible toxic mechanisms is limited; however, estrogenic activity may be involved (Brouwer et al. 1999 , Safe 2001 , Korach et al. 2003 .
The reproductive biology of small ruminants and humans reveals close similarities and in particular the maternal exposure model of sheep is used to study possible adverse reproductive effects on gonadal development from foetal into adult life (Rhind et al. 2001 , Foster et al. 2002 . We hypothesized that the exposure to relatively low doses of PCBs could have long-term consequences on the reproductive health of adult male goats. In the present study, goats (Capra hircus) were used as a model and the PCB exposure of the does took place from day 60 of gestation (GD ¼ 60) until parturition (GD ¼ 150).Thereafter, exposure of the newborn continued by the transfer of the body-fat-stored contaminants via lactation until weaning of the kids at 6 weeks of age (Lyche et al. 2004b ).
The present study was conducted after long-term maternal exposure in order to provide new insight concerning possible toxic effects of PCB126 and PCB153 on reproductive and general endocrine function in young adult male goats. Conventional reproductive endpoints were studied and flow-cytometric (FCM) analyses of spermatogenesis and sperm chromatin structure were carried out.
Materials and Methods
Chemicals PCB126 and PCB153 in powder form, with a purity of 99%, were purchased from Promochem (Ulricehamn, Sweden). To prepare doses, the PCB congeners were dissolved in cyclohexane (Sigma Chemical Co., St Louis, MO, USA) and most of the solvent was evaporated using N 2 . Corn oil was added and the mixtures sonicated for 5 min. The resulting PCB concentrations were confirmed by high-resolution gas chromatography and the solutions were stored at room temperature to retain their homogeneity.
Animals and treatments
The present study was conducted on 45 female goats of the Norwegian breed. Estrous cycles were synchronized using a vaginal release device (EAZI-breed CIDR G; Carter Holt Harvey, Agricultural Division, Hamilton, New Zealand) containing 30 mg progesterone, inserted for 18 days. After withdrawal of the device (luteal phase) the does were mated naturally, and the pregnant goats (n ¼ 10/group) allocated randomly to one of the following groups: PCB126 at 49 ng/kg body weight (bw) per day, PCB153 at 98 mg/kg bw per day, or vehicle (corn oil) only, by oral gavage three times weekly, from GD ¼ 60 until parturition. The does were kept under natural photoperiodic conditions, indoors in individual pens. They were fed standard hay as well as commercial concentrates and they had free access to water and mineral blocks. From confirmed pregnancy until kidding, the does were weighed weekly and blood samples were collected by jugular venipuncture three times weekly and assayed for luteinizing hormone (LH), follicle-stimulating hormone (FSH), progesterone and prolactin (Lyche et al. 2004a) .
The pregnant does in the PCB126 and PCB153 treatment groups and the control animals gave birth to four, ten and seven healthy male kids, respectively. The kids were born during the last two weeks of April, and does and kids were reared together until weaning 6 weeks postpartum. The lactational exposure of the offspring lasted from the day of birth until the day of weaning. Male kids were housed individually in order to prevent them mounting each other and they were fed similarly to the does (see above). At 2 weeks of age the kids received their vaccinations according to the general management procedure for disease prevention in goats.
Sample collection
Body weights of the kids were recorded once weekly and testis diameter was recorded every second week from 12 weeks of age until they were killed at approximately 40 weeks. The circumferences of the left and right testes were measured with callipers, and the average testis weight was used in the statistical analyses. To characterize effects of treatment on LH, FSH and testosterone, blood samples were collected three times weekly over the same period. The samples were collected from the jugular vein into heparinized tubes using a Vacutainer (Leuven, Belgium). Plasma was separated by centrifugation (1000 g, 15 min, 48C) and subsequently stored at 2 20 8C until further analysis.
The spring-born kids reached puberty in the autumn of the same year when they were 27 weeks of age. During the breeding season, in the presence of a doe in estrus, semen was collected from each buck once per week for six consecutive weeks using an artificial vagina. Semen volume (ml) was recorded immediately after collection using a graduated vial. Sperm concentrations ( £ 10 6 /ml) were measured in a sperm photometer (Leo Diagnostics AB, Helsingfors, Sweden) and the total sperm number (TSPN; £ 10 9 ) per ejaculate was calculated. Sperm motility was assessed under a phase-contrast microscope ( £ 400 magnification), equipped with a heated stage adjusted to 378C. The average outcome of three microscopic field judgements was reported (Paulenz et al. 2004 ). The percentage of live and dead spermatozoa was determined using the nigrosin-eosin staining technique by counting at least 100 spermatozoa under an oil-immersion objective ( £ 1000) in a random field. Sperm morphology was assessed on air dried, hematoxylin-stained smears.
Each smear was assessed using a £ 100 non-phase contrast objective under oil immersion and at least 200 spermatozoa were assessed; the same operators performed all examinations. At the end of this semen-collection period, final ejaculates were sampled from each goat and cryopreserved (see below) for future FCM assessment.
At the end of the study period all animals were euthanized with an i.v. injection of sodium pentobarbital (University Hospital Pharmacy, Norway) and necropsies were performed. Testes were removed and weighed, and hereafter a longitudinal deep incision was made into the rete testis and approximately 5 mm-thick blocks of tissue were dissected and immediately placed in 2 ml TNE buffer (0.15 M NaCl, 0.01 M Tris/HCl and 1 mM EDTA, pH 7.4) on crushed ice for FCM analysis (Suter et al. 1997) . Of the other testis, similar fractions from the same region were fixed in Bouin's fixative for 24 h prior to storage in 70% ethanol. Fixed testes were dehydrated through 70% ethanol and embedded in paraffin.
The procedures were conducted in accordance with the laws and regulations controlling experiments/procedures in live animals in Norway; the Animal Welfare Act of 20 December 1974, no. 73, chapter VI, sections 20 -22, and the Regulations on Animal Experimentation of 15 January 1996. In addition, Norway has signed and ratified the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes of 18 March 1986. The Norwegian legislation conforms in all respects with the basic requirements of this Convention and guidelines prepared in pursuance of it.
Semen cryopreservation
After semen collection and quality assessment, semen was prepared for cryopreservation in French mini straws and stored in fluid nitrogen (Paulenz et al. 2004 ).
PCB analysis
Chemical analyses of PCB153 and PCB126 were performed at the Laboratory of Environmental Toxicology, Norwegian School of Veterinary Science, Oslo, Norway. For details on extraction and clean-up, see Andersen et al. (2001) . The laboratory is accredited by Norwegian Accreditation as a testing laboratory for these analyses according to the requirements of NS-EN45001 and ISO/-IEC Guide 25.
Hormone analysis

FSH
Plasma FSH concentrations were determined using a heterologous assay described by Crowe et al. (1997) using anti-oFSH NIDDK-NIH antibody (AFP-C 5288113). The assay was validated for use with goat plasma by demonstrating parallelism between dilutions of goat plasma samples and the standard curve, and no modifications of the standard procedures were needed. The standard used as reference preparation was USDA-oFSH-SIAFP-RP-2 (AFP 4117A) and the sensitivity of the assay was 0.012 ng (oFSH-RP)/tube. Intra-and interassay variation coefficients were less than 10%.
LH
Plasma LH concentrations were measured by a heterologous double-antibody RIA described and validated for goat plasma by Beckers et al. (1978) . The interassay coefficients of variation for samples with 0.69, 1.95 and 6.68 ng/ml LH were 18.8, 9.7 and 9.0% respectively. The standard curve ranged from 0.2 to 25 ng/ml. Assay sensitivity was 0.8 ng/ml.
Testosterone
Plasma levels of total testosterone were determined by a solid-phase RIA kit (Coat-A-Count, Total Testosterone, Diagnostic Products Corporation, Los Angeles, CA USA).
The assay was validated for use with goat plasma (as described above): no modifications were needed and the intra-and interassay coefficients of variation were less than 10%. The detection limit of the assay was 0.04 ng/ml.
Histological evaluation of testes
Two cross-sections (6 mm thickness) of the testes fixed in Bouin's fixative were stained with hematoxylin and eosin. The seminiferous tubules (STs) of each testis section were examined by light microscopy ( £ 200 magnification) and each ST was placed into one of three categories -(1) normal spermatogenesis, (2) loose epithelium and (3) apoptotic cells -which were identified by the intense uniform basophilic nucleus with either chromatin condensation or nuclear shrinkage or with the fragmentation of the nucleus into several uniformly basophilic masses. 
DNA
FCM analysis of testis cells
For analysis of testicular cell populations, testis tissue was transferred to a 60 mm Petri dish containing 1 -2 ml TNE buffer and minced with curved surgical scissors to liberate individual cells. Cell suspensions were transferred into plastic test tubes and the tissue fragments were allowed to settle for 1 min. The supernatant was gravity-filtered though a 55 mm nylon filter. The DNA of testicular cells was stained by incubating (1 -2) £ 10 6 cells in TNE medium containing 0.1% Triton X-100 and 1.0 mg Hoechst 33258/ml for 15 min (see Bjørge et al. 1995) . Blue fluorescence was measured using an Argus 100 flow cytometer (Skatron, Lier, Norway). Quantification of the testicular cell populations -haploid cells (1c), diploid cells (2c), S phase and tetraploid cells (4c) -enabled the evaluation of changes in the dynamics of spermatogenesis. The haploid cell population consists of mature cells, composed of condensed spermatids and the immature round and elongating spermatids of earlier maturation stages. Diploid cells are composed of spermatogonial cells in the G 1 phase, secondary spermatocytes and testicular somatic cells. The tetraploid cell population mainly consists of primary spermatocytes at different stages of the first meiotic division and some spermatogonia in G 2 phase. The S phase, situated between the diploid and tetraploid cell population, reflects the process of replicative DNA synthesis. For the present study, the percentages of cells in the 1c, 2c and 4c populations were estimated from DNA cytograms using the Multicycle Program (Phoenix Flow Systems, San Diego, CA, USA).
Sperm chromatin structure assay (SCSA) of semen samples
The SCSA defines abnormal chromatin structure as increased susceptibility of sperm DNA to acid-induced denaturation in situ in which the unique metachromatic properties of Acridine Orange are used. A preliminary study showed that the method described by Evenson & Jost (2000) could be used without modifications. Briefly, semen straws, stored in liquid nitrogen, were thawed in a 378C water bath for 30 s. Hereafter, the semen was diluted in TNE buffer to yield approximately 2 £ 10 6 sperm/ml, and 0.2 ml of this suspension was mixed with 0.4 ml aciddenaturation solution. After 30 s, 1.2 ml of staining solution, containing 6.0 mg/ml Acridine Orange, was added. The samples were analyzed by a Coulter EPICS XL flow cytometer (Beckman Coulter, Luton, Beds, England) equipped with a 15 mW argon laser with excitation at 488 nm. Both light-scatter and fluorescence data were collected in linear mode. Green fluorescence was detected using a 505-545 nm bandpass filter (FL1) whereas red fluorescence was detected using a 660-900 nm bandpass filter (FL4). Measurements were recorded 3 min after staining, the flow rate was adjusted to 100-200 cells and 10 000 cells characterized by positive DNA were acquired. A cytogram of green versus red DNA fluorescence was used to identify sperm with denaturated DNA. A gate was set around the sperm with increased red DNA fluorescence (denatured DNA) compared with the main population to determine the percentages of sperm with single-stranded DNA. This percentage was calculated as a percentage of the toal sperm population and was reported as the DNA fragmentation index (DFI) (Fig. 1) .
Statistical analysis
For data on body weight, testis diameter and testosterone, LH and FSH concentrations, log-transformed data gave a satisfactory fit to the normal distribution and were therefore used in the analyses. The repeated-measurement data structure available on these variables and on semen characteristics were taken into account in the analysis using linear mixed models, in which the categorical variables week of sampling and treatment group were treated as fixed effects, between-kid variation was treated as a random effect and a negative exponential temporal autocorrelation was assumed between observations performed on the same individual. Data on testicular morphology (tubuli diameters, relative proportion of tubuli area) were analyzed with linear mixed models with the categorical variable treatment group as the fixed effect, and a random effect for between-kid variation to take into account the repeated measurements obtained from each animal. The models were fitted using Proc mixed in SAS (Littell et al. 1996) . Data on FCM analyses were analyzed utilizing one-way analysis of variance (ANOVA; SAS Institute 2003) .
Results
PCB tissue concentrations
The concentrations of PCB153, measured in abdominal adipose tissue from PCB153-treated animals at 40 weeks of age, ranged from 2900 to 12 700 ng/g lipid weight (l.w.) (mean, 5800 ng/g l.w.). The mean plasma concentration of PCB153 in the PCB153 treatment group was 12.9 ng/g wet weight (w.w.) at birth and 45.6 ng/g w.w. at 4 weeks of age. Adipose tissue levels of PCB126 in the PCB126exposed group at 40 weeks of age ranged from 0.28 to 0.80 ng/g l.w. (mean, 0.49 ng/g l.w.). The mean plasma levels of PCB126 were below the detection limit at birth and 11 pg/g w.w. at 4 weeks of age. In unexposed kid adipose tissue the mean concentration of PCB153 was 18 ng/g l.w. whereas the concentration of PCB126 was below the detection limit. In the goats' milk, the mean fat fraction was 4.2%. The mean concentration of PCB153 was 11 805 ng/g l.w. (507 ng/g w.w.). The mean concentration of PCB126 in milk was 5.72 ng/g l.w. (0.24 ng/g w.w.).
Body weight and testicular diameter
Exposure to PCB126 and PCB153 did not influence the general health of either does or kids and no signs of overt toxicity were observed. No significant difference was observed in the number of female and male kids born from the exposed does in comparison to the control group. In the present study, the onset of puberty was defined as the moment the highest (mean) plasma testosterone concentration was reached (around week 39 in Fig. 4; see below) . The control group reached puberty at 24 -27 weeks old; the PCB126 and PCB153 groups reached puberty at 23 -26 and 23 -27 weeks, respectively. All male kids were born within an interval of 2 weeks and their overall mean birth weight was 2.9 kg (S.E., 0.1 kg). Throughout the study period, animals from all three treatment groups showed a continuous increase in body weight ( Fig. 2a) . At the end of the study the overall mean body weight was 30 kg (S.E., 0.8 kg). From birth the PCB126 group was on average heavier than the control group with no significant change over time in the relative difference from the control group (Table 1, Fig. 2a ). However, the trend was towards a more pronounced difference in the early phase of the experiment and body weights approached control-group levels after puberty (week 40 onwards) towards the end of the experiment (Fig. 2a ). No Fig. 2a ). The average testis diameter increased in all groups prior to puberty (Fig. 2b) ; however, the PCB126 group tended to have larger testes at the first two time points and lower increases in diameter thereafter, resulting in very similar testis diameters in the two PCB-treated groups around and after puberty. After the onset of puberty, the testes stopped growing and rather tended to decline towards the end of the experiment (Fig. 2b) . A significant effect of treatment was found for the PCB153 group (Table 2) . This was associated with a general pattern of a smaller testis diameter in the PCB153 group compared with the control group from around puberty onwards. No significant treatment effect was observed for PCB126 (Table 1) .
Hormone analyses: FSH, LH, and testosterone
Overall mean plasma FSH concentrations showed maximum levels at the beginning of the sample collection, and decreased to low levels around puberty (Fig. 3) . The plasma FSH concentration was not significantly affected by PCB153 treatment (Table 2) . For the analysis of the PCB126-treated group, the sample included only two animals, which makes it difficult to make a plausible conclusion (Table 1) . From 12 -14 weeks of age until week 30 the concentrations of LH were high, followed by a period with very variable levels (weeks 30 -37, ages 14-24), reaching a peak just before puberty and a decrease thereafter ( Fig. 4a ). Both of the PCB-treated groups showed very similar patterns in LH concentrations even though only the PCB153-treated group differed significantly from the control group (Fig. 4a, Tables 1 and 2) . The PCBtreated groups differed from the control ( Table 2 , Fig. 4a ) by having a strong decline in the mean plasma LH concentrations around week 33 (Fig. 4a) . Also, after puberty the mean plasma LH concentrations dropped off more quickly to low basal concentrations in the PCB-treated groups than in the control group (Fig. 4a) .
From the beginning of the sampling period (animals approximately 12 weeks of age), the control group as well as the two exposure groups showed a similar trend for the mean plasma testosterone concentration (Fig. 4b) . At first increases in the mean plasma testosterone concentration gave peak concentrations approximately 7 weeks before the onset of puberty. Thereafter, mean plasma testosterone concentrations decreased before increasing again to a second peak that defined puberty (Fig. 4b) . Over a period of approximately 10 weeks following puberty, all three groups showed a relatively high mean plasma testosterone concentration, corresponding to the breeding season, and thereafter a drop to low levels towards the end of the study period. Even though the general patterns in mean plasma testosterone concentrations were similar in all three groups, both the PCB126- (Table 1 ) and PCB153-treated (Table 2) animals differed significantly from the controls. Before the onset of puberty, both exposure groups showed higher mean plasma testosterone concentrations than the control group whereas concentrations were lower from around puberty and for about 5 weeks of the subsequent breeding period (Fig. 4b) .
Evaluation of semen parameters and histological evaluation of the testes
Neither the PCB126 nor the PCB153 group differed from the controls in average semen volume (overall mean, 0.65 ml; S.E.,0.05 ml), sperm concentration (overall mean, 152 £ 10 6 cells/ml; S.E., 5.9 £ 10 6 cells/ml), total sperm number (overall mean, 97 £ 10 9 ; S.E., 6.7 £ 10 9 ), sperm motility (overall mean, 67%; S.E., 2.5%) or percentage of live/dead sperm (overall mean, 97%; S.E., 0.002%). Also, the sperm morphology of PCB-exposed groups did not differ significantly from the controls in sperm morphology. In all three treatment groups cells at all stages of spermatogenesis were present and more than 90% of the STs revealed normal spermatogenesis. Furthermore, apoptotic germ cells were present within the STs but this was less than 10% for all groups. The presence of loose epithelium in the STs was rare and mostly due to the histological preparation. None of the groups showed signs of apoptosis in the interstitial Leydig cells.
Testicle tubule epithelium image analysis
The morphometrical quantification of the STs showed no significant difference between the control group and the PCB-treated groups when the inner or outer diameters of the STs were considered. However, a significant lower ratio of interstitium area to ST area was observed for the PCB153 group when compared with the control group (Table 3) .
SCSA of semen samples
For all three groups, DNA FCM made it possible to distinguish haploid, diploid and tetraploid testicular cell populations. The PCB126-treated group of kids had a significantly higher proportion of haploid cell and lower Table 2 Summary of F tests and associated P values for the effect of the categorical predictor variables week of sampling, treatment group and the week-treatment interaction, on response variables measured repeatedly over time on control (n ¼ 7) and PCB153-treated kids (n ¼ 10).
Response
Week Treatment
Week 3 proportion of diploid cells than the control (Table 3) . The PCB153-treated group differed from the controls by having a lower proportion of diploid cells (Table 3) .
There was no significant difference in the fraction of sperm with fragmented DNA (DFI) between the PCB126 and control groups. However, the PCB153 group had a significantly higher DFI than the control animals (Table 3) .
Discussion
In the present study it was hypothesized that exposure to relatively low doses of PCB126 and PCB153 might induce alterations in the reproductive system of male offspring exposed during gestation and lactation. A number of studies in mammals have documented the transfer of PCBs through the placenta to the fetus, and via milk to the neonate (Jacobson & Jacobson 1997 , Faroon et al. 2000 , Chen et al. 2001 , Ayotte et al. 2003 . In this study, approximately 9% of PCB153 and 6% of PCB126 was transferred from the mothers to their kids during gestation and lactation (Lyche et al. 2004b ). However, the postnatal intake of PCB153 via milk contributed to a much higher fraction of the body burden following birth than the prenatal exposure since almost 100% of PCB153 was transferred from the does to the offspring via milk. The mean adipose tissue concentration of PCB126 and PCB153 in 40-week-old kids were respectively 0.49 and 5800 ng/g l.w., concentrations that were comparable to or considerably lower than levels measured in a range of wildlife and human studies (Dewailly et al. 1993 , Guillette et al. 1999 , Den Hond et al. 2002 , Gladen et al. 2003b , Glynn et al. 2003 ).
In the present study a significant higher body weight was observed for the PCB126-treated animals compared with the control group. Prenatal PCB exposure is usually associated with decreases in parameters such as body and liver weight and weight of the gonads and/or accessory sex organs (Cook & Meisami 1991 , Desaulniers et al. 1997 , Porterfield & Hendry 1998 , Hany et al. 1999 . A biological explanation for the observed higher body weight in the PCB126-exposed animals remains unclear especially since no advanced onset of puberty was observed. Male goats reach puberty when body weight is about 40% that of the adult weight. Comparable with previous studies, the onset of puberty in this study is characterized by high mean LH concentrations at about 12 -14 weeks of age that is suggested to induce testicular growth and spermatogenesis in pubescent goat kids. The relatively high concentrations of FSH are reported to enhance the production of steroid biosynthetic enzymes and increase the formation of LH receptors in the testis followed by increased production of testosterone (Foster 1994 , Hall 1994 , Ahmad et al. 1996 , Brooks et al. 1996 , Foster et al. 2002 , Abdennebi et al. 2003 . In conformity with the female kids in our parallel study (Lyche et al. 2004a) , the PCB153-exposed male kids showed a significant effect of treatment on the mean plasma LH concentration. However, the observed changes in the LH profile were not attended with any alteration in the mean plasma FSH concentration and no advanced onset of puberty was observed. This in contrast with the female kids.
In small ruminants, the placental transfer of EDCs during the prenatal period GD 60 -150 ensures the exposure of testes and hypothalamic-pituitary-testicular axis during critical stages of male fetal development (Brooks et al. 1996 , Sweeney et al. 2000 . Little is known about the regulation and crosstalk between LH and FSH and significant differences between species are demonstrated (Jansen et al. 1993 , Gerhard et al. 1998 , Abdennebi et al. 1999 . Most evidence of the disruption of LH secretion by PCBs is derived from laboratory animal studies; for example, daily exposure of lactating rats to Aroclor 1242, reduced plasma testosterone and LH levels as well as a reduction in the number of Leydig cells in the testis. Furthermore, in a study with adult male rats it was suggested that PCB126 affected both the hypothalamicpituitary-axis and the testes (Desaulniers et al. 1999) . At doses of 25 and 100 mg/kg per day, plasma LH and thyroxine concentrations were decreased whereas the plasma FSH concentrations were reduced at the highest dose of 400 mg/kg per day. In the same study, two other treatment groups received estradiol-17b or PCB153. These two treatment groups differed with the controls by significant higher plasma thyroxine levels and for both groups the plasma FSH and LH concentrations were significantly lower in comparison with the control group. From this study it was concluded that PCB153 possesses estrogenic properties based on the similarity between the effect of estradiol and PCB153 on plasma thyroxine and FSH (Desaulniers et al. 1999) . Evans et al. (2004) studied the effects of long-term exposure to bisphenol A (BPA), octylphenol and diethylstilbestrol on gonadotropin secretion in prepubertal female sheep (Evans et al. 2004) . Diethylstilbestrol was found to reduce both gonadotropins, BPA inhibited LH secretion and treatment with octylphenol was without any effect. The authors suggested that the differential effects of the three different EDCs could, among others, reflect differences in the mechanisms of the compounds tested. As to the ability of BPA to decrease plasma LH concentrations and not affect FSH secretion, several mechanisms of action were suggested, including the impact upon the hypothalamus and gonadotropin-releasing hormone secretion as well as different binding affinities for the estrogen receptor. Similar to the differential effects of BPA in the study of Evans et al. (2004) , maternal exposure to PCB153 was also shown in the present study to affect the plasma testosterone and LH concentrations but not the plasma FSH concentrations.
In the present study, significant lower plasma testosterone concentrations were observed for both PCB153 and PCB126. Our results support the documented effects demonstrated by Wojtowicz et al. (2000) . For this in vitro study, PCB126 and PCB153 were selected as model substances based on their different toxicity mechanisms of action. Cultured theca cells were supplemented with PCB126 or PCB153. Both congeners showed a decrease in testosterone secretion due to time-dependent and cellspecific differences in PCB153 and PCB126 action on follicular cells steroidogenesis (Gregoraszczuk et al. 2003) . Additionally, Fukazawa et al. (2003) reported the effects of PCB126 on a mouse neonatal testicular organ culture system where it was shown that PCB126 directly affected the expression of steroidogenic enzyme genes (Fukuzawa et al. 2003) . Moreover, in an in vivo study where female Wistar rats were treated orally on GD 15 with a single dose of PCB126, reduced plasma testosterone concentrations were found in the male offspring on postnatal day 140. Until now, the mechanism by which PCB153 causes its effect on plasma testosterone is less defined and requires further investigation in both in vitro and in vivo studies.
Revised testing guidelines considering perturbed male reproductive function after maternal or prepubertal exposure include the assessment of conventional sperm parameters and an expanded list of organs for gross pathology, gravimetric analysis and/or histopathology to identify and characterize effects at the target organ (Gray et al. 1997 , Cooke et al. 1998 , Kavlock 1999 , Stoker et al. 2000 . Probably, in comparison with rodents, the testosterone levels of goats must be considerably lower to have an effect on spermatogenesis, since in our study the observed lower ratio of interstitium area to ST area and lower testis diameter did not go together with morphological effects on the STs in terms of on changes in the number of germ cells, Sertoli cells or interstitial Leydig cells (Mably et al. 1991) . The FCM analysis confirmed the histological findings since only the diploid subpopulation was apparently affected by the exposure to PCB153. Since the diploid population includes spermatogonial cells, secondary spermatocytes and testicular somatic cells, and no compensatory changes in the other testis cell populations were observed, it may be that the decrease in the diploid population is partially related to a decrease in Leydig cells. From this perspective the significant increase in the subpopulation of haploid cells and concomitant decrease in diploid cell population observed after PCB126 exposure is also difficult to explain because, aside from the changes in the plasma testosterone concentration, no other effects were found. However, more detailed quantitative evaluation is warranted for both PCB126 and PCB153.
Spermatogenesis is a complex process in which stem cell spermatogonia, through a series of proliferating and differentiating events, become mature spermatozoa. No changes were detected by conventional sperm analysis and therefore it may be indicated that spermatogenesis in the pubescent buck was not impaired. However, the corroborating SCSA detected a significant increase in the percentage of fragmented DNA after exposure to PCB153. A limited number of studies have investigated the toxicological effects on testicular cells and spermatozoa by using the SCSA assessment. In a number of species, including humans, abnormal sperm chromatin and DNA-strand breaks have been shown to negatively affect fertility (Evenson et al. 1999 , 2003 , Evenson & Jost 2000 , Januskauskas et al. 2003 . Although the percentage of DFI (mean, 6.5%; S.E., 1.2%) for the PCB153-exposed animals was suggested to be relatively low, it was more than doubled in comparison to the control animals (mean, 2.6%; S.E., 0.5%). In a recent comprehensive study, it was shown that the SCSA is able to distinguish between fertility levels of animals with proven fertility in the highest ranges (Waterhouse et al. 2005) . The best fertilization capacity was seen in a group of bulls with the lowest percentage of DFI, whereas a second group of bulls, with a moderate increase in the percentage of DFI, was significantly less fertile than the best group. In the present study, PCB153-exposed male kids showed a percentage of DFI similar to the second group of less-fertile bulls. However, whether or not fertility in the kids is affected is not known. Nevertheless, an important factor in the abnormal development of the embryo is the degree of DNA damage (Ahmadi & Ng 1999 , Waterhouse et al. 2005 . In this perspective the increased percentage of DFI for the PCB153 exposure may be of biological relevance if the low exposure doses in this study, or even higher exposure levels detected elsewhere, are able to induce DNA sperm damage that goes beyond the levels of DNA-repair possibility in the oocyte.
In summary, it has been demonstrated by the present study that goats are an appropriate species to serve as a gestational and lactation exposure model for the exposure to EDCs. In the male kids, the low-dose exposure of PCB126 resulted, on average, in a significantly lower plasma testosterone concentration but no other adverse reproductive effects were observed. PCB153 was able to induce reproductive effects related to the hypothalamicpituitary-axis as well as to the testis. Based on the differential effect on the gonadotropins and the treatment-related effects on the plasma testosterone levels, the results of our study do indicate a possible estrogenic effect of PCB153. Determination of the biological relevance of the results from goats to men requires further investigation. The possible perturbation in the process of spermatogenesis was not to be concluded from histopathological evaluation of the testis or from the evaluation of sperm parameters. However, the increased percent of sperm DNA damage, showing altered sperm chromatin structure, is an indication that the long-term maternal exposure to a low dose of PCB153 may induce a possible effect on reproductive health in adult life.
